High voltage atmospheric cold plasma (HVACP) is a novel, non-thermal technology which has shown potential for degradation of various toxic components in wastewater. In this study, HVACP was used to examine the degradation kinetics of methyl red, crystal violet and fast green FCF dyes. HVACP discharge was found to be a source of reactive nitrogen and oxygen species. High voltage application completely degraded all dyes tested in less than 5 min treatment time. Plasma from modified gas (∼65% O 2 ) further reduced the treatment time by 50% vs. plasma from dry air. First order and Weibull models were fitted to the degradation data. The Weibull model was found better in explaining the degradation kinetics of all the treated dyes.
INTRODUCTION
The removal of organic pollutants from wastewater is an important concern due to the potential risks to human and aquatic life. Statistically, 17-20% of industrial water pollution is caused by textile dyeing and treatment plants (Reddy & Subrahmanyam ) . Among all organic pollutants, dyes pose the most serious risk to the environment (Holme & Griffiths ; Saquib et al. ) . Dyes make our world colorful and they are designed to be chemically and photolytically stable (Sismanoglu et al. ) . Dyes are used in many industries, factories and laboratories for ink production, chemical analyses, dyeing textiles, paper, leather, ceramics, cosmetics; imparting visual appeal to processed foods; staining and detection of microorganisms and chemical assays. Approximately 10,000 different dyes and pigments are used industrially, and over 0.7 million tons of synthetic dyes are produced annually worldwide (Vijaya & Sandhya ) . Furthermore, 15% of the dyes produced in the world are lost during synthesis and processing and end up in wastewater (Badr et al. ) .
Dyes are generally classified according to the chromophore group. The majority of them belong to azo and triarylmethane classes. Many of these dyes are toxic, mutagenic, carcinogenic and are not effectively degraded by conventional wastewater remediation methods because of their stable molecular structures (Huang et al. ) . Dyes in wastewater are easily detectable by the naked eye, even at ppm levels. Color is thus among the first contaminants to be identified. Accordingly, environmental regulations in most countries have made the bleaching of textile wastewaters mandatory prior to discharge (O'Neill et al. ;
Abdelmalek et al. ).
Researchers have employed different approaches to remove or degrade dyes in aqueous environments. These include physical techniques used solely or in combination (e.g. adsorption, ultrafiltration, reverse osmosis, coagulation, ion exchange, etc.), microbiological or enzymatic degradation (So et In the past decade, many applications of plasma-based oxidation methods for degrading various pollutants have been explored. The strong electric field used in generating non-thermal plasma induces formation of ions (H þ , H3O þ , O þ , H À , O À , OH À , N2 þ ), molecular species (N 2 , O 2 , O 3 , H 2 O 2 ), and reactive radicals (O•, H•, OH•, NO•). The generation of these reactive species have led researchers to apply cold plasma for degradation of various dyes in wastewater (Piroi et al. ; Huang et al. ; Tichonovas et al. ) . However, all these studies have been conducted at an applied voltage of less than 50 kV and mostly with air as gas.
The aim of this work was to analyze the effect of high voltage (>50 kV) atmospheric cold plasma (HVACP) with air and modified air (∼65% O 2 ). The kinetics of degradation were also studied and model parameters were determined as function of different voltages and treatment times for both plasma gases. Three different dyes viz. methyl red (MR), crystal violet (CV) and fast green FCF (FG) were selected for the study based on their extensive usage.
MATERIALS AND METHODS

Chemicals
Analytical grade methyl red, crystal violet and fast green FCF dyes were purchased from Fisher Scientific (MA, USA). Structure of these organic dyes are shown in Figure 1 .
All dye solutions (100 ppm) were prepared in deionized water.
Plasma treatment
Dye samples (25 mL) were placed in a petri plates (15 cm diameter) and inserted in Ziploc® bag (S.C. Johnson & Son, Inc., WI, USA). The bags were flushed with dry air or MA65 gas for 3 min before heat sealing. Samples were placed in processing chamber consisting of two circular aluminum plate electrodes (outer diameter ¼ 158 mm; Figure 2 ). 10 mm Plexiglas and 2 mm polypropylene sheets were used as dielectric barriers. The applied voltage to the electrode was supplied using a step-up transformer (Phenix Technologies, Inc., MD, USA) having an input of 230 V, 60 Hz from the main supply. The applied voltage was controlled using a variac. Samples were treated at 60-, 70-and 80 kV (peak-to-peak) for from 1-5 minutes. Control samples were prepared in an identical manner but not treated. For all treatments, a minimum of two replicates were used.
Optical emission spectroscopy
All optical emission spectroscopy measurements were made with equipment from Ocean Optics (Ocean Optics, Inc., Florida, USA). Spectra of the HVACP treatments were collected using a computer-controlled spectrometer. Light from the plasma was delivered by an optical fiber with a core diameter of 1,000 μm suitable for measuring light over the wavelength range of 200 to 1,100 nm. A 5 mm diameter collimating lens optimized for this wavelength range was used to parallel the light entering the optical fiber. The distance from the collimating lens to the edge of the sample was 15 cm. Emission spectra were collected and saved for HVACP treatment at all applied voltage levels for 5 min.
Determination of dyes concentration
Dye concentrations were determined using a Genesys 10S UV-Vis spectrophotometer (Thermo Scientific, MA, USA). The absorbance peaks for methyl red, crystal violet and fast green FCF dye solutions were 410, 582 and 625 nm, respectively. Calibration curves were prepared with dye standards to determine concentration.
Statistical analysis
Data obtained were represented as mean value ± standard deviation. Analysis of variance was done for all the treatments and significance of differences between treatments were assessed using Tukey's multiple sample comparison tests. Significance levels were tested at p 0.05. Analyses were performed with an SPSS statistical package (SPSS Inc., Chicago, USA) and Minitab software (Minitab Inc., PA, USA).
RESULTS AND DISCUSSION
Optical emission spectroscopy
Optical emission spectroscopy was carried out to identify the reactive gas species (RGS) generated by the HVACP. Emission spectroscopy of air plasma revealed the majority of peaks in the near UV region (300-400 nm) due to emissions from reactive nitrogen species (RNS) including second positive system N 2 (C-B) and first negative system N 2 þ (B-X) (Figure 3 ). This is similar to results reported pre- 
Effect of voltage and treatment time
The degradation kinetics of methyl red, crystal violet and fast green FCF dyes are shown in Figure 4 . It is evidently clear from the results that voltage and treatment time are important process variables for dye degradation. Increases in applied voltage and treatment time significantly increased the degradation rates of all three dyes. The breakdown voltage for plasma generation at atmospheric pressure in dry air with 1 cm distance between the electrodes requires about 30 kV of DC (Bárdos & Baránková ) . Raising the applied voltage increased the generation of RGS in the plasma discharge. Moreover, increasing treatment times resulted in higher concentrations of reactive species as well as longer sample exposure times with the RGS and electromagnetic field. All three dyes were more effectively degraded by exposure to 80 kV vs. lower voltages. The effect of voltage was more pronounced for shorter treatment times. HVACP treatment at 80 kV for 5 min in air was found effective for all three dyes. With MA65, complete degradation was observed after 4 min treatment at all voltages for crystal violet and fast green FCF. Treatment times for complete degradation were significantly less than those reported by other investigators (Abdelmalek et al. ; Huang et al. ) . Methyl red was more resistant to plasma even at higher voltage levels. Similar stability to plasma was reported by Piroi et al. () , who observed only 93% degradation after a 10 min exposure.
Effect of gas type
The gas used for plasma generation is an important variable. Plasma from air contains >75 species from nearly 500 reactions (Pankaj et al. ) . Modifying the gas, changes the reactive species and can entirely change the plasma interaction with samples. We used an oxygen-rich gas (65%), which generated more oxygen free radicals and reactive species than air. Increasing the ROS increased the rate of dye degradation significantly. Specifically, complete degradation of crystal violet at 80 kV in air required 5 min exposure, whereas with MA65, degradation was complete in 2 min. Clearly, ROS plays an important role in degradation of organic dyes. Moreover, increasing oxygen content of the plasma gas significantly decreases the overall treatment time.
Degradation kinetics of dyes
HVACP reduced the color intensity of treated dyes, possibly due to a bleaching effect on the latter to lighter colored intermediates, followed by their degradation into mineralized products. The kinetics of bleaching were observed by analyzing the absorption peaks of each dye, assuming that dye concentration correlates with each dyes' respective chromophore ( A first-order model was fitted to the experimental data using equation below:
where C t (ppm) is the concentration of the dye after plasma treatment for t min, C 0 (ppm) is the concentration of untreated sample and k (min À1 ) is the rate constant. Calculated model parameters for the fitted equation are shown in Table 1 . Rate constants for the three dyes increased with an increase in the voltage level. Increasing the applied voltage from 60-to 80 kV almost doubled the degradation rate for all the dyes in both gaseous environments, thus emphasizing the benefit of using high voltages for wastewater treatment. For all the dyes, the reaction constant was significantly higher for MA65 gas than air, demonstrating that ROS plays an important role for dye degradation. Moreover, use of oxygen-rich plasma working gas significantly reduces the treatment time due to higher rate of reaction.
Although R 2 values for first order kinetics were equal to or >0.90 for all 3 dyes, a two-parameter Weibull equation was investigated to better explain the residual variations. The Weibull model has already been used to explain the kinetics of microbial death and enzyme inactivation for nonthermal processing technologies. A two-parameter Weibull equation was used as shown below:
where C t (ppm) is the concentration of the dye after plasma treatment for t min, C 0 (ppm) is the concentration of untreated sample, α (min) is the scale factor and ϒ (dimensionless) is the shape factor. A decrease in α, the scale factor was observed on increasing applied voltage levels. It can be interpreted that increasing the voltage shifts the distribution to the left (near origin) indicating that more degradation occurs in less time. Also, a decrease in ϒ, the shape factor was observed which correlated with susceptibility of the dyes to voltage and gas type. ϒ was always observed to be lowest for highest voltage level (80 kV) in MA65 gas for all three dyes. Also, the ϒ values were lower in MA65 plasma compared to air suggesting the higher efficacy of MA65 gas than air. The Weibull model more clearly explained variations in dye degradation by HVACP than first order kinetics as evidenced by the higher R 2 and lower root mean square error (RMSE).
CONCLUSION
HVACP was used in two gas environments to study the degradation kinetics of methyl red, crystal violet and fast green FCF dyes. HVACP was used to generate both reactive nitrogen and oxygen species. High voltage (80 kV) plasma completely degraded all the dyes in <5 min treatment time. This was reduced by an additional 50% with plasma generated from oxygen-rich gas (MA65). First order kinetics and a two-parametric Weibull model were fitted to the degradation data. The Weibull model more clearly explained the degradation kinetics of all three dyes. HVACP in modified air has great potential to significantly reduce the treatment times and facilitate commercialization and acceptability of the cold plasma process for wastewater remediation.
